Abstract: Both amphetamines and cocaine promote perivascular and interstitial fibrosis and myocyte hypertrophy, but acute myocardial infarction is much more common in cocaine abusers than in amphetamine-class fatalities. As a hypothesis was speculated that amphetamine-induced hyperthermia may promote the expression of heat shock proteins, which may in turn increase myocardial resistance to infarction. We examined the expression of heat shock proteins 27, 60, and 70 in a random sample of 19 amphetamine-class fatalities with different causes of death using immunohistochemistry. Five cases demonstrated strong heat shock protein-positive reactions in myocytes. This result may support the hypothesis of Karch. The lack of a positive reaction in the remaining cases may be accounted for by the different causes of death and agonal events.
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A few years ago a total of 169 cases were reviewed at the Victorian institute of Forensic Medicine where an involvement of amphetamines in sudden and unexpected death was proven [1] . Cause of death was classified according to table 1. Often not the drug alone is the cause of death but the association with amphetamine related heart disease [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Methamphetamine (MA) was the principal class of abused amphetamines in the state of Victoria, followed by methylenedioxymethamphetamine (MDMA, Ecstasy). The review identified six cases of death due to cerebral hemorrhage, and three in which serotonin syndrome was caused by the interaction between MDMA and moclobemide. Long-term use of amphetamines was associated with heart diseases in 19 cases, and amphetamine-class drugs alone were regarded as the cause of death in only three cases, who exhibited high levels of MDMA and lower levels of MA and/or amphetamine. There were no cases without significant natural disease in whom MA was regarded as the cause of death [1] .
Amphetamine-class drugs dramatically increase sympathetic stimulation and circulating levels of neurotransmitters in the periphery. Ecstasy (MDMA) has frequently been reported to cause death, often through the development of malignant hyperthermia or liver damage [1, 4, 8, 9] .
Well-recognized side effects of amphetamine and MA abuse identified at autopsy include fatty liver, moderate coronary artery disease, cirrhosis, pneumonia, myocardial fibrosis, triaditis, severe coronary artery disease, emphysema, and hepatitis [2, 3] . These side effects have been confirmed in several studies [4] [5] [6] [7] [8] [9] . Hearts demonstrate similar microscopic features at autopsy in amphetamine/MA and cocaine users, including hypertrophy, interstitial fibrosis, and microvascular disease, and both amphetamines and cocaine promote perivascular and interstitial fibrosis, myocyte hypertrophy, and intimal and medial hyperplasia. However, acute myocardial infarction is much more common in cocaine abusers than in MA abusers, despite apparently similar levels of disease [2, 3] .
Karch [3] suggested that amphetamines possess several properties that may reduce the risk of myocardial infarction in amphetamine users compared with cocaine users. Notably, MA induces the production of heat shock proteins (HSPs), while cocaine does not. According to Karch [3] it has been shown for decades that HSP production is an adaptive myocardial response that occurs within 24 h after short episodes of cardiac ischemia and that the production of HSP proteins (it is not clear which of the proteins predominate) increases myocardial resistance to infarction. The production of HSPs may provide a logical explanation for the recognized ability of MA and most other amphetamines to cause hyperthermia [10] [11] [12] [13] [14] .
The present study aimed to investigate the expression of HSPs in cardiac tissue from individuals with amphetamine-class drug-related deaths.
All body cells and cell compartments contain molecular chaperones, which help to manage protein biosynthesis [15] [16] [17] by supporting the folding of newly synthesized, unfolded proteins into their threedimensional structure, and their subsequent transport to the place of action [18, 19] . HSPs belong to this group of chaperones. They are highly conserved proteins that were discovered in relation to their high expression levels after exposure to heat [20] . Ritossa initially detected upregulated genes after heat exposure [21] , while Tissieres et al. subsequently described the corresponding proteins as HSPs [22] . HSPs are located in various cellular compartments (Table 2 ). They are classified into families according to their molecular size and can also be separated into non-ATP-dependent and ATP-dependent chaperones, according to their energy dependence [23] [24] [25] [26] [27] . Chaperones of small molecular size are called small HSPs, which work without an energy source, whereas larger chaperones, such as HSP70, HSP90, and HSP100, depend on the availability of ATP.
HSPs play an important role in maintaining protein homeostasis in cells and preventing apoptotic cell death [28, 29] . They are responsible for the repair or degradation of wrongly folded or degraded proteins [30] [31] [32] [33] . Proteins may unfold and even aggregate during cell stress, such as at non-optimal physiological temperatures [19] . The expression of protective HSPs increases under these conditions as part of the stress or heat shock response, thus supporting cell survival under stressful conditions. They are involved both in local cellular reactions, and also in systemic reactions [34] , such as inducing fever [35, 36] .
Rapid HSP expression has been demonstrated in pulmonary tissues in fire-related deaths [37, 38] , as well as in renal tissue following hypothermia [39] . However, to the best of our knowledge, immunohistochemical studies examining HSP expression in cardiac tissue are relatively scarce [37, 38, 40, 41] . The HSP content of cardiac tissue can be increased by either ischemic or thermal stress, as shown by western blotting. HSP60 was preferentially elevated by ischemic pretreatment [13] , while myocardial induction of HSP72 occurred after increasing the rectal temperature in heat-stressed anaesthetized rabbits to at least 42°C for 15 minutes [13] .
HSPs are present in body cells at low or very low levels, especially in the cytoplasm, even in the absence of stress. Under normal physiological conditions, HSPs bind to heat shock factor (HSF), which is a transcriptional regulator of HSPs, leading to increased HSP synthesis. HSF-1 regulates the response to different kinds of stress and increases the expression of heat shock genes following heat shock. HSP expression in body cells increases in the event of exposure to various stress stimuli, including hypo-or hyperthermia, as well as other external and internal physiological stresses such as lack of energy (ATP), oxidative stress, heavy metals, ischemia, UV-light, chemicals, injuries, mechanical Table 2 . Most important hsp families with localisation and the main function [9] stress, and chemotherapeutic substances or cytokines. Stressful conditions increase the incidence of damaged or misfolded proteins. HSPs then bind to these misfolded proteins and dissociate from HSF, and the free HSF then induces the expression of new HSPs. This mechanism provides cell protection by increasing HSP expression during cellular damage. HSP induction occurs within minutes of exposure to the stressor, with the increase correlating with the severity of heat stress. HSPs can then be detected by immunohistochemical staining.
MATeriALs AnD MeTHoDs
We investigated 19 amphetamine-associated fatalities in whom the causes of death were amphetamine intoxication alone, mixed intoxication, or intoxication together with preexisting amphetamine-related diseases. The subjects included three women and 16 men, aged 22-58 years (mean age 34.5 years) (Table 3) .
Heart, lung, and kidney tissue samples were taken during forensic autopsies for histological and immunohistochemical examination. The samples were fixed in 8%-10% formalin, embedded in paraffin wax, sliced at 3-4 µm, and stained with antibodies to HSP27 (mouse anti-HSP27 monoclonal antibody; Novocastra Laboratories Ltd., Newcastle upon Tyne, UK), HSP60 (mouse monoclonal anti-HSP60 clone LK 1; SigmaAldrich, St. Louis, MO, USA), and HSP70 (HSP70 mouse monoclonal antibody; Novocastra), and with hematoxylin-eosin. Tonsillar tissue was used as a positive control in every staining procedure. One sample of tonsillar tissue was treated without primary antibody and one without secondary antibody as negative controls. Thirty visual fields from each slide were examined under a light microscope at 400× magnification, and the structures of each organ were evaluated (Table 4 ) [37] [38] [39] [40] [41] . The immunohistochemical reaction of the tissue was measured semi-quantitatively on a four-point scale, according to Preuss et al. [39] . The number of reddishstained structures/cells in relation to all studied structures/cells visible in each visual field was estimated as a percentage. A mean value over all 30 visual fields was calculated for each analyzed organ structure and case, and ranked as shown in Table 5 Table 3 . Cause of death in amphetamine/methamphetamine related deaths. Cause of death mostly intoxication or intoxication together with preexisting diseases. The Hsp positive cases are highlighted (grade in brackets). Concentration in ng/mL.
organs structures Heart
Myocytes, fibrocytes, vessels
Lung
Peripheral and central bronchial tubes, vessels (endothelium, lumen), inter-alveolar septa, pleura, peribronchoal glands, peribronchial connective tissue, ciliated epithelium Kidney Glomerula, tubuli, vessels, connective tissue 
resuLTs
The various grades of HSP expression are shown in Figs 1-3 and a case example is given in Fig. 4 . Positive HSP expression was especially notable in myocytes. Although the intensity of staining varied considerably, it was strong in some cases, as shown in Figs 2 and 3 .
The results of this pilot study verified positive HSP expression in five of the 19 cases of amphetaminerelated deaths, though most cases were negative. All cases were negative for HSP60, five were positive for HSP27, and one was also positive for HSP70 (Table 3 ). The positive cases are highlighted. However, the case material was heterogeneous in terms of the cause of death and agonal period.
Positive HSP expression in cardiac tissue was only accompanied by positive expression in other organs, i.e., the kidney glomeruli and tubules, in one case. Notably, strong positive HSP expression in the kidney was previously observed in cases of fatal hypothermia [39] .
DisCussion
The causes of death varied considerably among the amphetamine-related fatalities (Table 3) . Monointoxication was rare, and the predominant causes of death were mixed intoxications and long-term use of amphetamines associated with heart diseases. In line with the different causes of death, the agonal periods may also have differed considerably, and a dramatic increase in sympathetic stimulation and the development of malignant hyperthermia may have occurred in some but not all cases.
The positive HSP expression in some cases in the current study may support the hypothesis of Karch [3] , whereby hyperthermia-induced HSP expression [42, 43] may increase myocardial resistance to infarction. The high levels of HSP expression observed in cardiac tissue in some of the current cases were not seen in cases of death due to fire or hypothermia [37] .
All the current cases were negative for HSP60, while five were positive for HSP27 and one for HSP70. The reasons for this expression pattern remain unclear. However, HSPs are located in various cellular Analyzed structures were not present in the section of the tissue sample Table 5 . compartments and have different functions, and an analysis of HSPs in pulmonary tissue from fire-related fatalities indicated that HSP27 was the predominant HSP in short-term survivors, compared with HSP70 in longterm survivors [37] [38] .
Further studies are needed to determine the patterns of HSP expression in amphetamine-related fatalities, especially in cases where amphetamines are the leading cause of death, and in cases for which details of the terminal period and body core temperature are available.
Key points
Amphetamines and cocaine both promote perivascular and interstitial fibrosis, myocyte hypertrophy, and intimal and medial hyperplasia.
Acute myocardial infarction is more common in cocaine abusers than in amphetamine-class fatalities, despite similar extents of cardiac disease.
Karch speculated that amphetamine-induced hyperthermia may induce HSP expression, which may increase myocardial resistance to infarction.
Strong HSP expression in cardiac myocytes was detected in five of 19 cases of amphetamine-related fatalities, potentially supporting Karch's hypothesis.
Positive HSP expression in amphetaminerelated fatalities was only observed in the heart and not in the kidney, which has shown a strong reaction to hypothermia.
The lack of HSP-positivity in most cases of amphetamine-related deaths may be attributable to the different causes of death and agonal events.
Further studies are needed focusing on cases in which amphetamines were the leading cause of death. A B
